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Basic Science

Background. Normothermic machine perfusion (NMP) may allow resuscitation and improved assessment of kidneys 
before transplantation. Using discarded human kidneys, we investigated the mechanistic basis and translational potential of 
NMP compared with cold static storage (CS). Methods. Discarded deceased donor kidneys (n = 15) underwent 1-hour 
NMP following CS. Renal perfusion, biochemical, and histologic parameters were recorded. NMP was directly compared 
with CS in paired donor kidneys using simulated transplantation with allogeneic whole blood, followed by assessment of the 
aforementioned parameters, in addition to RNA sequencing. Results. Kidneys were successfully perfused, with improved 
renal blood flows and resistance over the course of perfusion, and evidence of urine output (median 21 mL), in all but one 
kidney. NMP completely resolved nonperfused regions in discarded donation after circulatory death kidneys. In paired 
kidneys (n = 4 pairs), transcriptomic analyses showed induction of stress and inflammatory pathways in NMP kidneys, with 
upregulation of pathways promoting cell survival and proliferation. Furthermore, the NMP pairs had significantly better renal 
perfusion (1.5–2 fold improvement) and functional parameters, and amelioration of cell death, oxidative stress, and comple-
ment activation. Conclusions. In this pilot preclinical study using simulated transplantation of paired kidneys, NMP of 
discarded marginal kidneys demonstrated some significant mechanistic benefits in comparison to CS alone. NMP may have 
potential to reduce organ discards and enhance early graft function in such kidneys.
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Normothermic machine perfusion (NMP) is a technique 
that has recently been reapplied to deceased donor 

kidney preservation before transplantation, with the poten-
tial to enhance kidney transplant outcomes.1-4 Hypothermic 
machine perfusion (HMP) has been the dominant form of 
MP in kidney transplantation; however, it has not gained uni-
versal acceptance because its benefits are primarily in reduc-
ing delayed graft function, with equivocal, if any, impact on 
graft survival.5-8 Furthermore, there is limited evidence that 
HMP can increase utilization of marginal organs or signifi-
cantly impact graft outcomes. NMP, however, has the dual 
potential of improving organ function post transplantation, 
and also allows for accurate functional assessment in a near-
physiologic state, helping to improve kidney utilization and 
outcomes from marginal grafts.3,4,9-11 Furthermore, NMP ena-
bles the directed delivery of therapeutics to the kidney during 
perfusion while metabolic processes are active.12

Preliminary evidence suggests the superiority of NMP over 
the current gold standard of cold static storage (CS) alone, and 
a randomized control trial (RCT) is currently underway to com-
pare both techniques.1,13 Nevertheless, many questions remain 
unanswered before the widespread uptake of NMP. Little is 
known about how NMP may improve graft outcomes, with 
sparse evidence limited to porcine studies.14,15 Understanding 
molecular benefits of NMP is crucial to more clearly inform 
clinicians as how best to utilize the technology. Current clinical 
evidence exists only for 1 hour of preimplantation NMP,1,2,16 
but experimental data indicate that longer periods of NMP 
(>8–24 h) may be more beneficial to subsequent transplant 
function.3,17,18 Brief (1–3 h) preimplantation NMP, however, 
remains most attractive, as it is much more clinically feasible.

The primary aim of this study was to investigate the com-
parative efficacy of brief NMP to CS alone, using paired 
human kidneys, with a particular focus on the mechanistic 
changes that underlie any potential advantages offered by 
NMP. We also examined the following parameters that have 
not been clearly investigated using human kidneys—(1) bio-
chemical, acid-base, and perfusion-related trends during 
NMP; (2) passenger leukocyte load of donor kidneys and 
the use of NMP to induce extravasation of these leukocytes; 
and (3) the comparative efficacy of NMP with autologous or 
banked (allogeneic) blood.

MATERIALS AND METHODS

A detailed description of study methods can be found in 
Methods S1 (SDC, http://links.lww.com/TXD/A226).

Ethics
Ethics approval for this project was obtained from the 

Western Sydney Local Health District human research ethics 
committee.

Inclusion and Exclusion Criteria
Kidneys were obtained for the purposes of this research 

from any deceased donor if—(1) they were deemed unsuitable 
for transplantation for any reason during or after procure-
ment or (2) the kidneys had been deemed medically unsuit-
able before retrieval in the context of a planned liver-only 
donor. Kidneys were only excluded from subsequent NMP 
when autologous or allogeneic blood was not available for 
perfusion.

Kidney Procurement and Donor Details
Retrieval was undertaken in a standard fashion, after aor-

tic cannulation and cold perfusion with Soltran (kidney-only 
donor) and/or University of Wisconsin (UW) solution (liver/
pancreas donors). If autologous blood was to be utilized for 
subsequent NMP, it was collected via the inferior vena cava 
immediately upon commencement of cold perfusion. Kidneys 
were stored in the final flush solution (UW or Soltran), sur-
rounded by 0.9% sodium chloride ice slush, before transpor-
tation to our center. Kidneys remained on ice slush until the 
commencement of NMP.

Donor/retrieval details that were recorded included age, 
sex, comorbidities, donation pathway (donation after brain 
death [DBD] or donation after circulatory death [DCD]), 
ABO blood group, kidney donor profile index (KDPI),19,20 
donor cause of death, intended and actual organs retrieved, 
reason for kidney discard/nonutilization, cross-clamp time, 
warm ischemic time (WIT), cold ischemic time (CIT), and 
kidney anatomy.

Blood Preparation
Packed red blood cells (PRBCs) were isolated from autol-

ogous donor whole blood as detailed in Methods S1 (SDC, 
http://links.lww.com/TXD/A226). O+ or O- PRBCs (1 unit) 
were utilized for NMP experiments employing allogeneic 
(banked) blood. All subsequent simulated transplantation 
experiments were conducted using whole blood-bank blood 
(O+ or O-). The total volume of each whole blood unit was 
approximately 500 mL, with 250 mL of this used for each 
paired kidney (see below).

Ex Vivo Perfusion Set-Up
The NMP system was assembled as previously described; 

a schematic diagram of the perfusion set-up can also be 
found in this reference.21 A continuous supply of oxygen, 
delivered as 95% oxygen/5% carbon dioxide, was delivered 
to the oxygenator at a flow rate of 1.5 L/min. Creatinine 
was added to the circuit (Merck, Darmstadt, Germany) to 
enable subsequent quantification of creatinine clearance 
(CrCl). The kidney was placed in a customized, 3D-printed 
perfusion chamber, with the renal vein left open.22 Urine 
output (UO) was replaced with Hartmann's solution. NMP 
was undertaken at a temperature of 37°C, with flow rates 
adjusted to maintain at a mean arterial pressure (MAP) of 
75–85 mm Hg.

To provide a direct comparison between CS and NMP in 
the absence of the ability to transplant these kidneys, ex vivo 
reperfusion with whole blood was undertaken in paired kid-
neys to simulate transplantation (MAP 85–95 mm Hg and 
temperature 37°C).15,23,24 Perfusion parameters, additives, and 
constituents in both the NMP and ex vivo whole blood rep-
erfusion system are detailed in Methods S1 (SDC, http://links.
lww.com/TXD/A226). Perfusion parameters (pressure and 
flow) and UO were sequentially recorded during NMP and 
whole blood reperfusion.

Perfusion Experiments

 1. Single kidneys (n  = 7) underwent NMP for 1–3 hours. 
These kidneys were used to (1) establish NMP system fea-
sibility, functionality, and safety; (2) compare NMP using 
autologous and banked blood; and (3) investigate leukocyte 
extravasation from the graft during NMP (see Figure 1).

http://links.lww.com/TXD/A226
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 2. Paired kidneys (n  =  8; ie, 4 kidney pairs) were randomly 
allocated to either “CS” or  “NMP” groups. “CS” kid-
neys underwent standard CS, a subsequent 30 minutes 
simulated second WIT (SWIT) at room temperature, and 
then ex vivo whole blood reperfusion for 60 minutes to 
simulate the immediate post transplant reperfusion period.  
“NMP”  kidneys underwent CS, followed by 1 hour of 
NMP, a simulated SWIT of 30 minutes, and finally ex vivo 
whole blood reperfusion for 60 minutes.

Samples
Kidney biopsy time points, in addition to analyses of blood 

and urine samples during NMP and/or ex vivo whole blood 
reperfusion, are detailed in Methods S1 (SDC, http://links.
lww.com/TXD/A226).

Measurements and Analyses
Renal blood flow (RBF) and intra-renal resistance 

(IRR = MAP/RBF)1 were recorded throughout perfusion 
and normalized to a kidney weight of 250 g. UO (mL) was 
recorded hourly. CrCl (mL/min/100 g/h), fractional excretion 
of sodium (%; FeNa), and renal oxygen consumption (mm Hg 
× mL/min/g) during NMP and ex vivo whole blood reperfu-
sion were calculated as described previously.23

Renal Histopathology
All biopsies underwent Periodic acid-Schiff staining accord-

ing to standard methods. Each pre and post-NMP and post ex 
vivo whole blood reperfusion was assigned a Remuzzi25 score 
by a blinded renal histopathologist.

Immunofluorescence
Renal tubular epithelial cell death was compared by the ter-

minal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) method (Sigma-Aldrich/Merck, MO, USA) between 
paired kidneys (NMP versus CS pairs). Renal tissue oxidative 
stress was quantified and compared in paired NMP/CS samples 
using dihydroethidium (DHE) (Thermo Fisher Scientific), an 
indicator of tissue superoxide levels. Complement (C9) staining 

was also performed in paired samples using C9 primary antibody 
(Abcam, Cambridge, United Kingdom) and goat anti-rabbit sec-
ondary antibody conjugated to Alexa Fluor 647 (Invitrogen, CA, 
USA); see Methods S1 (SDC, http://links.lww.com/TXD/A226).

Flow Cytometry Analysis for Leukocyte Effluent 
From the Graft During NMP

Blood samples were taken from the circuit at different time 
points (n = 3 kidneys) to analyze leukocyte extravasation from 
the graft. Samples were taken from the PRBC blood bag, 
and then at “start” NMP (5 min after the commencement of 
NMP), 1-hour post commencement of NMP, and 1.5 and 2 
hours post commencement of NMP. Samples were prepared 
as described previously.26 Relevant markers and antibodies 
used for flow cytometry evaluation of absolute numbers of 
granulocytes, monocytes, natural killer (NK) cells, B cells, T 
cells, natural killer T cells, and dendritic cells are detailed in 
Methods S1 (SDC, http://links.lww.com/TXD/A226).

RNA Expression by Next-Generation Sequencing
Targeted whole transcriptome RNA expression27,28 was 

analyzed using paired kidneys undergoing NMP or CS alone, 
followed by ex vivo whole blood reperfusion. Kidney biopsies 
from each group were taken at end-CS, end-NMP (if applica-
ble), and end-ex vivo reperfusion. Further details can be found 
in Methods S1 (SDC, http://links.lww.com/TXD/A226).

Statistical Analyses
Unless otherwise indicated, data are presented in the format 

mean ± 1 standard deviation. Continuous parametric variables 
were compared using the unpaired Student's t test, while non-
parametric continuous variables have been compared using 
the Mann-Whitney U test. The paired t test was used for com-
parison of baseline and end-NMP data for each individual 
kidney or functional data for each paired kidney at the end 
of ex vivo reperfusion. RBF and IRR graphs were compared 
by first calculating the area under the curve (AUC) for each 
parameter plotted on the graph. GraphPad Prism v. 7.02 was 
used for all of these statistical analyses. For all data compari-
sons, a P < 0.05 was considered as statistically significant.

Differential gene expression analysis was performed using 
voom.29 For all comparisons, changes in gene expression were 
deemed significant if they had a Benjamini-Hochberg adjusted 
P < 0.05. Pathway analysis was performed using a hypergeo-
metric test to test if any Gene Ontology or Reactome categories 
were enriched for differentially expressed genes.30-32 Wilcoxon 
rank-sum tests with directional alternative hypotheses were 
used on the test statistics to test if any of the pathways were 
significantly up or downregulated. Further pathway analy-
ses were conducted through the use of Ingenuity Pathway 
Analysis (IPA) (Qiagen Inc.).33

RESULTS

Renal Histology, Hemodynamics, and UO During 
Normothermic Machine Perfusion

Fifteen kidneys were obtained from 10 human donors. 
Donor and perfusion characteristics are summarized in 
Table  1; Table S1 (SDC, http://links.lww.com/TXD/A226) 
demonstrates each kidney before and during perfusion. Eleven 
kidneys underwent NMP for 1–3 hours as defined in the 
methods. Four of these 11 kidneys underwent NMP followed 

FIGURE 1. Experimental flow diagram. Experimental pathways 
followed after kidney retrieval. Please note one set of paired kidneys 
(from donor 3) did not undergo ex vivo whole blood reperfusion 
as whole blood was not available. CS, cold static storage; NMP, 
normothermic machine perfusion; SWIT, second warm ischemic time.

http://links.lww.com/TXD/A226
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by simulated transplantation using ex vivo reperfusion with 
whole (allogeneic) blood, while their direct pairs had CS alone 
followed by ex vivo whole blood reperfusion. There were no 
significant histopathologic changes induced during NMP (in 
comparison to the end-CS biopsy of the same kidney), as 
assessed by light microscopy (Table S2, SDC, http://links.lww.
com/TXD/A226).

During NMP, hemodynamic changes demonstrated a rise 
in RBF and decline in IRR over time, with the exception of 
one kidney (DCD-D3) (Figure  2A). Median RBF and IRR 
after 1 hour was 260 mL/min/250 g (range, 172–359) and 
0.29 mm Hg/mL/min/250 g (range, 0.23–0.45), respectively. 
The median hourly UO was 21 mL (range, 0–46 mL); only 
one kidney did not produce any urine (DCD-D4) (Figure 2B). 
Although there was no UO recorded from the DCD-D4 kid-
ney during NMP, perfusate creatinine levels dropped over the 
course of perfusion (997 μmol/L at baseline to 633 μmol/L 
after 60 min NMP and 585 μmol/L after 90 min NMP). This 
indicates either (1) an abnormality related to ureteric func-
tion/vermiculation (unlikely as the ureter was not signifi-
cantly distended during perfusion) or (2) urine leak into the 
perfusion chamber from an unidentified site (more likely). 
Figure  2B provides a graphical depiction of UO, CrCl, and 
FeNa. UO was generally positively correlated with CrCl and 
inversely related to FeNa, although these relationships were 
not absolute (Figure 2B).

Impact of Ischemic Time on Perfusion Parameters 
During NMP in DCD Compared With DBD Kidneys

NMP is likely to have differential impacts on DCD and 
DBD kidneys depending on the severity of the initial ischemic 
insult. It is useful to gain an understanding of RBF and IRR 
during NMP and establish potential correlations between 
donor types, perfusion parameters, and ischemic times to 
provide more objective graft functional assessment. Fig. S1 
(SDC, http://links.lww.com/TXD/A226) plots each donor 
kidney's RBF and IRR, split by donor type (DCD or DBD) 
and arranged according to ischemic time. DCD kidneys with 
a lower WIT/CIT demonstrated an elevated RBF (median, 
328 mL/min/250 g; range, 286–370) and lower IRR (median, 
0.26 mm Hg/mL/min/250 g) in comparison to the 2 kidneys 
with a higher WIT and CIT (median RBF 205 mL/min/250 g 
[range, 200–210] and median IRR 0.41 mm Hg/mL/min/250 g 
[range, 0.39–0.42]; Fig. S1A, SDC, http://links.lww.com/TXD/
A226). In contrast, DBD kidneys showed no obvious correla-
tion between CIT and RBF or IRR; indeed, the 2 kidneys with 
the greatest CITs had comparatively better perfusion param-
eters during NMP (Fig. S1B, SDC, http://links.lww.com/TXD/
A226). A correlation between perfusion parameters and KDPI 
could not be established in either donor subset.

Perfusate Lactate Trends During Brief (1–3 Hours) 
Renal NMP

Lactate clearance is a biomarker that defines effective per-
fusion and/or suitability for transplantation during NMP of 
other organs such as the liver and heart.34-36 Lactate levels 
did not decline after brief NMP in this series but increased 
significantly from baseline (11.2 mmol/L) until 60 minutes 
(13.1 mmol/L; P = 0.002; Figure 2C). However, a rising lactate 
was not indicative of acidemia in the perfusate, and a general 
uptrend was observed with respect to perfusate pH (7.23–
7.33; P = 0.003) and bicarbonate levels (16.8–19.4 mmol/L; 

P = 0.009; Figure  2C). Furthermore, there was an observed 
increase in perfusate sodium levels after 60 minutes of NMP 
(143–148 mmol/L; P = 0.007), and a corresponding elevation 
in osmolality (338–345 mmol/kg; P = 0.004) (Figure 2C).

Leukocyte Mobilization From the Graft into the 
Circuit During NMP

Perfusion fluid samples were taken before and at defined 
intervals after the commencement of NMP from donors 8–10, 
and then analyzed using flow cytometry. A significant efflux of 
leukocytes (CD45+) was detected in all tested samples within 
2–3 minutes of commencement of NMP (“start NMP” sam-
ples). Dendritic cells (DC-SIGN+ cells) were not detectable by 
our methods at any time-point. However, large populations of 
granulocytes (CD45loSSChi) were detected, along with smaller 
populations of CD14+ monocytes, CD3+ T cells, and CD19+ 
B-cells, and CD56+ NK cells (Figure 3).

NMP Under Special Circumstances—Kidneys With 
Multiple Vessels, and Kidneys Discarded Due to 
Poor In Situ Perfusion at Retrieval

NMP can be safely and effectively performed in kidneys 
with more than one artery, including more than one artery on a 
patch and/or separate upper or lower pole arteries (Figure 4A 
and B). Back-table arterial reconstruction is not required, and 
perfusion is facilitated by the use of Y-connectors attached to 
separate cannulae.

NMP can also be utilized to assess and/or predict adequacy 
of renal perfusion in kidneys discarded due to poor in situ 
perfusion post retrieval (Figure 4C). Two kidneys in this series 
(from donor 2 and donor 9) were discarded due to poor per-
fusion at retrieval in the context of DCD donation. In both 
cases, NMP “cleared” the nonperfused region(s) within 10 
minutes of commencement, thereby rendering these kidneys 
potentially transplantable.

Use of Donor Autologous PRBCs for NMP
Banked blood transfusions (allo-) may increase the risk 

of allosensitization in kidney transplant recipients; the fea-
sibility of using autologous blood for NMP was therefore 
explored.37,38 Autologous whole blood was collected from 3 
donors, and PRBCs were subsequently isolated for the perfu-
sion of 4 kidneys; all other kidneys underwent NMP using 
banked blood group O blood (Table 1). There were no sig-
nificant baseline differences with respect to KDPI (median 
89 versus 83; P = 0.783) and CIT (median 8.9 versus 11.7 
h; P = 0.226) in kidneys perfused with autologous or banked 
blood, respectively. Baseline blood parameters for both 
autologous and banked blood are outlined in Table S3 (SDC, 
http://links.lww.com/TXD/A226). Hemoglobin levels (43.8 
versus 65.3 g/L; P = 0.094) and hematocrit (14.3% versus 
20.7%; P = 0.150) were lower in the autologous blood group, 
and white cell count was higher (0.15 × 109/L versus 0.06 × 
109/L; P = 0.071), despite using identical volumes of PRBCs, 
but this did not reach statistical significance; platelet counts 
were however statistically lower in the banked blood group 
(45.0 × 109/L versus 0.9 × 109/L; P < 0.001). Perfusate potas-
sium levels showed a trend towards an increase in the banked 
blood group (5.4 versus 7.6 mmol/L; P = 0.107); there were no 
differences in sodium (142.0 versus 143.9 mmol/L; P = 0.404) 
and bicarbonate (13.0 versus 14.3 mmol/L; P = 0.491) 
concentrations.

http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
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FIGURE 2. Perfusion, functional, and biochemical changes during normothermic machine perfusion (NMP). A, Renal blood flow and intra-renal 
resistance (IRR) during NMP, with a mean arterial pressure maintained between 75–85 mm Hg. B, Left panel—Urine output (UO) per h of NMP for 
each donor kidney. Right panel—Relationship between UO, creatinine clearance (CrCl), and fractional excretion of sodium (FeNa) in each donor 
kidney. C, Perfusate acid-base balance (pH, lactate, and bicarbonate) and electrolyte (sodium and osmolality) concentrations over the course of 
NMP, plotted for each individual kidney. DBD, donation after brain death; DCD, donation after circulatory death.
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Fig. S2 (SDC, http://links.lww.com/TXD/A226) compares 
NMP parameters between both groups after 60 minutes 
of NMP. Although AUC for RBF was significantly higher 
(P = 0.005) and IRR significantly lower (P = 0.001) in the 
banked blood perfusion group, these differences are unlikely to 
be clinically meaningful. There were no significant differences 

in glomerular (CrCl 0.7 versus 0.5 mL/min/100 g/h; P = 0.610) 
or tubular function (FeNa 31.9 versus 26.4%; P = 0.806), or 
renal oxygen consumption (298.0 versus 381.7 mL/min/g; 
P = 0.330) in the autologous compared with banked blood 
groups, respectively (Fig. S2, SDC, http://links.lww.com/
TXD/A226). Perfusate lactate dehydrogenase levels were not 

FIGURE 3. Leukocyte efflux from the donor kidney during normothermic machine perfusion (NMP). Absolute cell counts for granulocytes, 
monocytes, NK cells, and lymphocytes were calculated by flow cytometry using the preperfusion sample as a baseline, followed by NMP arterial 
line sampling at selected time points. n = 3 kidneys. NK, natural killer.

http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226


8 Transplantation DIRECT   ■   2019 www.transplantationdirect.com

significantly different (P = 0.125), while aspartate aminotrans-
ferase levels were significantly lower in the group perfused 
with banked blood (121.8 versus 49.2 U/L; P = 0.039).

Gene Expression Changes Involving Inflammatory, 
Stress, Cell Death, and Survival-Related Pathways 
During NMP

Targeted whole transcriptome RNA expression was per-
formed, comparing paired kidneys treated with CS alone or 
NMP after an equivalent initial period of CS (n = 3 pairs—pair 
1–3, identified in Table 1). Samples were taken at the end of 
CS (“end-CS”), after NMP (if applicable; “end-NMP”), and 
after simulated transplantation (“end-ex vivo”). Simulated 
transplantation allowed for a direct comparison between 
CS and NMP kidneys and involved ex vivo reperfusion with 
whole blood at a MAP of 80–90 mm Hg, without the addition 
of any protective mediators. The SWIT (“anastomoses”) was 
approximated by leaving each kidney at room temperature 
for 30 minutes before reperfusion.

The principal component analysis (PCA) plot revealed 
unique population clusters, defined by donor kidney pairs 
(Fig. S3, SDC, http://links.lww.com/TXD/A226). Within 
each pair, end-CS samples were clustered close together, 
while the end-ex vivo samples were distinctly different (Fig. 
S3, SDC, http://links.lww.com/TXD/A226). Importantly, 
at baseline (ie, end-CS) within the kidney pairs, there were 
no differentially expressed genes between the NMP and CS 
groups.

One hour of NMP induced multiple gene expression 
changes. In comparison to biopsies taken at the end of CS, 
NMP in the same kidneys modified expression of 200 genes 
(n = 196 were significantly upregulated, and n = 4 were down-
regulated) (Figure 5A). A total of 115 pathways were signifi-
cantly enriched for differentially expressed genes. The most 
differentially up and down-regulated genes and pathways are 
also indicated in Figure 5A, while Table S4 (SDC, http://links.
lww.com/TXD/A226) outlines expression patterns for all 
genes/pathways.

FIGURE 4. Normothermic machine perfusion (NMP) is possible in the presence of anatomical variation, and useful in poorly perfused kidneys. 
A and B, NMP is feasible and safe for kidneys with multiple renal arteries, achieves good renal blood flows, and intra-renal resistance. Kidneys 
shown are from (A) donor 7 (DBD-D4) and (B) donor 8 (DBD-D5). C, NMP is ideal for the assessment of kidneys discarded for poor in situ 
perfusion. Left panel—Kidney (donor 2; DCD-D1) visualized at end-cold storage, discarded due to a nonperfused lower pole and patchy middle 
region. Right panel—The lower pole of the same kidney is pictured 5 min after the commencement of NMP, showing complete resolution of the 
previously nonperfused area. DBD, donation after brain death; DCD, donation after circulatory death.

http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
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FIGURE 5. Comparison of whole transcriptome gene expression following cold static storage (CS) or normothermic machine perfusion (NMP). 
Sequential biopsies were taken immediately before the commencement of NMP (end-CS), after 1 h of NMP (end-NMP), and after 1 h of simulated 
transplantation (end-ex vivo). A, Left panel—Gene expression changes (heatmap) after NMP in comparison to the end-CS period (for the 
same kidneys). Right panels—Pathway analyses, displaying the most up- (top) and down-regulated (bottom) pathways after NMP. B, Left 
panel—Heatmap showing differentially expressed genes in the NMP group of kidneys after ex vivo whole blood reperfusion (in comparison to 
the end-NMP samples from the same kidneys). Right panels—(top) HMGA1 is the most differentially expressed gene between end-NMP and 
end-ex vivo samples. Bottom, Scatter plot showing the most up- and down-regulated genes after ex vivo reperfusion (simulated transplantation) 
in comparison to end-NMP samples from the same kidneys. DBD, donation after brain death; DCD, donation after circulatory death.
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Ex vivo whole blood reperfusion (simulated transplantation) 
produced distinctly different gene expression changes (65 genes) 
in comparison to those induced by NMP (Figure 5B, and Table 
S5, SDC, http://links.lww.com/TXD/A226). This therefore indi-
cates the technique does not merely recapitulate changes induced 
by the NMP process. These gene expression changes were not evi-
dent in the CS group of kidneys after ex vivo whole blood reper-
fusion, as shown in the scatter plots displayed in Figures 5 and 6.

After simulated transplantation, paired kidneys subjected to 
either NMP or CS alone displayed highly disparate gene signa-
tures characterized by the differential expression of 495 genes 
(435 up- and 60 down-regulated, respectively) (Figure 6A). These 
are indicated in the scatter plot displayed in Figure 6A. A full list 
characterizing gene expression and pathway changes is provided 
in Table S6 (SDC, http://links.lww.com/TXD/A226). The top 20 
(plausible) pathways that were significantly impacted by NMP as 
determined by IPA are summarized in Figure 6B, ordered based 
on the –log (P value). Diseases/functions activated or repressed 
by NMP in comparison to CS alone, as predicted by IPA based 
on differential gene expression, are outlined in Fig. S4 and Table 
S7 (SDC, http://links.lww.com/TXD/A226). Overall, gene signa-
tures were strongly consistent with a decrease in cell death and 
apoptosis in NMP kidneys, with a corresponding increase in cell 
survival, viability, and proliferative functions.

Renal Hemodynamics and Function, and Ischemia-
Reperfusion Injury-Related Parameters in NMP 
Kidneys Comparison to Kidneys Undergoing CS 
Alone

Over the period of ex vivo whole blood reperfusion, RBF 
was greater, and IRR was lower in every NMP kidney com-
pared with the corresponding CS pair (Figure  7A). RBF 
and IRR at the 1 hour time point after ex vivo reperfusion 
in the NMP and CS pairs respectively was 250.3 ± 79.7 mL/
min/250 g versus 152.1 ± 138.8 mL/min/250 g (P = 0.175), and 
0.4 ± 0.1 mm Hg/mL/min/250 g versus 0.9 ± 0.6 mm Hg/mL/
min/250 g (P = 0.137). Aggregated (AUC) RBF was signifi-
cantly higher (P = 0.023), and IRR was significantly lower in 
the NMP-“treated” kidneys (P = 0.009).

Paired comparisons of other functional parameters and 
injury markers were also performed (Figure 7B) and showed a 
significantly lower FeNa and perfusate aspartate aminotrans-
ferase in the NMP group (P = 0.034 and P = 0.043, respec-
tively). There were trends favoring NMP over CS kidneys 
with respect to CrCl, oxygen consumption, and UO, although 
these did not reach statistical significance.

Renal tubular epithelial cell death, as measured by TUNEL 
staining, was reduced in the NMP-treated kidneys after simu-
lated transplantation (5.9 versus 9.6 TUNEL-positive cells/
high power field (HPF); P < 0.001); Figure 8A). Similar signifi-
cant trends were seen with respect to oxidative stress (quanti-
fied using DHE staining; P = 0.022; Figure 7B) and complement 
C9 activation (P = 0.002; Figure 8C). Interestingly, compara-
tive histologic sections (Figure 8D) were not significantly dif-
ferent with respect to acute tubular injury following ex vivo 
whole blood reperfusion, regardless of the initial treatment 
(Table S8, SDC, http://links.lww.com/TXD/A226).

DISCUSSION

NMP before kidney transplantation represents a paradigm 
shift in the preservation of deceased donor grafts, with the 

potential to simultaneously recondition and objectively assess 
the donor kidney. We present the largest series of discarded 
human kidney NMP outside of the United Kingdom and dem-
onstrate many novel findings to motivate translation of this 
technique to clinical practice. Using a paired kidney design 
and simulated transplantation, we show that brief NMP 
demonstrates some superiority to CS alone, as evidenced by 
enhanced early perfusion parameters, glomerular and tubu-
lar function, and amelioration of IRI. Transcriptome-wide 
sequencing demonstrated NMP-based activation of protective 
stress-related responses, together with promotion of cell sur-
vival and proliferation. The capacity of NMP to allow objec-
tive assessment of renal allografts and reduce discard rates 
by gauging perfusion-related parameters was confirmed. We 
also demonstrated the feasibility of using autologous (donor) 
blood during NMP compared with the use of third party 
(banked) blood. Finally, we showed a massive efflux of pas-
senger leukocytes from the donor kidney into the NMP cir-
cuit during perfusion, which may be targeted to modulate the 
acute rejection response in the recipient.

The attractiveness of brief preimplantation NMP lies in its 
simplicity and the logistical advantages this method affords 
above longer, continuous methods of NMP, which require 
perfusion during the whole transportation period. However, 
this technique largely remains experimental. Transplant cent-
ers may be reluctant to adopt this technique due to a lack of 
understanding of the biological mechanisms through which 
benefits are conferred. This is notwithstanding the clear 
advantage offered by brief NMP in reducing graft discard 
rates, especially in the setting of poorly perfused DCD kid-
neys.2 Our unique study design comparing paired kidneys has 
allowed us to confidently explore the impacts of NMP with-
out requiring large patient numbers. In particular, this design 
removes the confounding influences of different donor and 
recipient parameters, which contribute to variability in trans-
plantation outcomes.

NMP kidneys displayed better perfusion and functional 
parameters in comparison to the CS pairs after simulated 
transplantation. Whole transcriptome sequencing demon-
strated a large number of differentially expressed genes in the 
kidney after NMP in comparison to CS controls. Important 
gene signatures included the significant upregulation of pro-
inflammatory cytokines (including interleukin-6), chemokines, 
and heat shock proteins (HSPs). Additional differential path-
ways impacted by NMP included the unfolded protein sign-
aling response, cell death/apoptosis-related cascades, and 
cell survival. These factors were demonstrated not only in 
pathway predictions, but confirmed by TUNEL, DHE, and 
complement staining, which were all significantly improved 
in NMP kidneys. Overall, the combination of gene expres-
sion data, pathway analyses, tissue staining, and finally in vivo 
renal function, provides a convincing picture of the beneficial 
impacts attributed to preimplantation NMP.

Passenger leukocytes play a role in the initiation and regula-
tion of the alloimmune response directed against the transplanted 
organ.39,40 Depletion of these leukocytes typically requires whole 
body/organ irradiation, which has variable success and is not 
feasible in the transplant setting.41 Stone et al42,43 demonstrated 
efflux of passenger leukocytes during NMP of both the porcine 
kidney and lungs; similar efflux in hypothermic systems is as yet 
untested. We now demonstrate the efflux of substantial numbers 
of passenger leukocytes from human donor kidneys into the 

http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
http://links.lww.com/TXD/A226
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FIGURE 6. Changes in whole transcriptome gene expression following normothermic machine perfusion (NMP). Comparisons were conducted 
after a simulated second warm ischemic period of 30 min, followed by reperfusion of each kidney with whole allogeneic blood at a mean arterial 
pressure of 85 mm Hg and temperature of 37°C. A, Left panel—Gene expression heatmap comparing paired kidneys having cold static storage 
(CS) or NMP, after ex vivo whole blood reperfusion. Right panels—(top) Scatter plot outlining the most significantly up- and down-regulated 
genes in the NMP group in comparison to CS paired kidneys. Bottom, Most differentially expressed gene between NMP and CS kidneys 
(HSPH1), with an obvious difference in expression at the end-ex vivo time point for all 3 kidney pairs. B, Ingenuity Pathway Analysis showing top 
canonical pathways significantly up- or down-regulated in the NMP group of kidneys in comparison to CS kidneys. Pathways are ordered by 
magnitude of –log (P value). Left panel—Indication of pathway activation or repression based on the z score. A positive z score suggests pathway 
induction, and a negative z score denotes pathway suppression. Right panel—Percentage (indicated by colored bars) of total number of genes 
(indicated by numbers to right of bars) in a specific pathway that are differentially expressed in NMP compared with CS kidneys. DBD, donation 
after brain death; DCD, donation after circulatory death; IL, interleukin.
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FIGURE 7. Perfusion and functional parameters following cold static storage (CS) or normothermic machine perfusion (NMP) and subsequent 
simulated transplantation. A, Upper panels—Renal blood flow and intra-renal resistance (IRR) graphed for each individual donor kidney. Lower 
panels—Cumulative flow and IRR for the kidneys stored by CS alone in comparison to contralateral kidneys having CS followed by NMP. 
B, Comparison of renal functional parameters between the groups after simulated transplantation—urine output (UO), creatinine clearance 
(CrCl), fractional excretion of sodium (FeNa), oxygen consumption, and perfusion fluid levels of lactate dehydrogenase (LDH) and aspartate 
aminotransferase (AST). RFN, reperfusion.
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FIGURE 8. Histopathology and ischemia-reperfusion injury in kidney pairs having normothermic machine perfusion (NMP) or cold static storage 
(CS) followed by simulated transplantation. A, Representative photomicrograph (pair 2; DBD-D3) and cumulative comparison of renal cell death/
apoptosis in both study groups as determined by TUNEL staining (×40). Similar immunofluorescence-based comparisons of (B) oxidative stress 
(using dihydroethidium [DHE] staining) (pair 3; DBD-D4), and (C) complement C9 staining (pair 2; DBD-D3) after ex vivo whole blood reperfusion 
(×20). D, Representative photomicrograph of a kidney pair (pair 2; DBD-D3) after simulated transplantation following either CS or NMP; Periodic 
acid-Schiff stain (×20). DBD, donation after brain death; RFN, reperfusion; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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perfusion circuit, providing obvious therapeutic potential in an 
attempt to modulate rejection in the recipient. Leukocyte filters 
have been incorporated into lung perfusion systems to capture 
circulating leukocytes but have uncertain efficacy, likely due to 
saturation of the filter.44 Nevertheless, NMP provides the unique 
opportunity to deliver directed therapies to the kidney, which 
may include targeting leukocytes. Delivery of other agents 
that specifically target endothelial cells, ameliorate IRI, and/or 
attempt to modulate endothelial cell major histocompatibility 
complex antigen expression using gene therapies have also been 
demonstrated by several groups.45-47

Existing renal NMP devices have differed in perfusion set-
tings and constituents.1,3,17,18,21 Therefore, parameters such as 
RBF, IRR, and UO may not be readily compared between dif-
ferent studies in terms of significance and predictive potential. 
Nevertheless, our use of NMP in discarded human kidneys 
enhanced RBF and IRR in all but one kidney, possibly sug-
gesting good immediate graft function, as evidenced by early 
work from Nicholson and Hosgood16 where kidneys with 
high flows had lower delayed graft function rates upon trans-
plantation. Furthermore, DCD kidneys used here that were 
discarded due to poor in situ perfusion after retrieval were 
homogenously and effectively perfused during NMP. Overall, 
NMP has a remarkable potential to reduce kidney discards 
and increase utilization rates, and this was also recently 
reflected in a liver NMP RCT.35

This study was wholly reliant upon the provision of dis-
carded and/or nonutilized deceased donor human kidneys, 
and therefore all study variables could not be controlled. In 
particular, depending on resource and staffing availability, not 
all factors (eg, leukocyte efflux) could be tested for all kid-
neys. Although kidney numbers are relatively small (n = 15), 
we included more kidneys than other recently published 
discarded human NMP series.18,48 More importantly, direct 
comparisons of CS and NMP using paired kidneys from 
the same donor have added greater reliability to our results, 
although admittedly only 4 kidney pairs are included in this 
comparison. Although final result validation requires kidney 
transplantation, ex vivo perfusion as a simulation of trans-
plantation is an acceptable alternative when transplantation 
is not possible.15,23,24,49

In summary, this study has utilized brief NMP of discarded 
human kidneys to important insights with respect to the 
mechanistic basis and possible benefits of NMP. Strength has 
been added to the notion that NMP may reduce kidney dis-
card rates, especially in poorly perfused kidneys.
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